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INVESTIGATIVE STUDIES IN FUNGICIDAL POWERS
OF PHOTODYNAMIC ACTION*
ROBERT F. DICKEY. M.D.
During 1597—95 Oscar Raab, of von
Tappeiner's laboratory in Munich, studied the
toxicity of an acridine dye on paramecia. He
noted that the lethal action of a 1—20,000 dilution
of the dye was greatly enhanced when exposed
to light. Other fluorescent dyes such as eosin
were found to have similar action. Tappeiner
and co-workers carried out systematic investiga-
tions. They gave the name "photodynamic
action" to the phenomenon in which fluorescent
dyes, when exposed to light and acting in the
presence of oxygen, brought about photochemical
changes in a biological system. Since that time,
numerous investigations have been made of the
photodynamic action of these fluorescent dyes on
viruses (1), bacteria (2, 3), fungi, (4, 5), erythro-
cytes, smooth and striated muscle cells, anti-
toxins (6), et cetera. Those interested in the
laboratory and clinical investigations of photo-
dynamic action and photosensitivity may con-
sult the excellent monographs by Hansmann and
Hauxthausen (7), Jausion (8), Blum (9), and
Ellinger (10). A review of the literature on
"Photodynamic Effects in Dermatology" was
made by Stokes, Beerman, and Ingraham (11).
The following experiments were undertaken
for two purposes. First, the tests were planned
to develop an efficient and well controlled technic
for accurately determining the photodynamic
action fungieidal effectiveness of various light
sources and different fluorescent dyes. Second,
it was desired to find and test a visible light
source which would have the qualities of high
light intensity, maximal elimination of ultra-
violet and infrared rays in the light beam, com-
paratively low cost, and practicality for labora-
tory and clinical use.
* From the Department of Dermatology,
Geisinger Medical Center, Danville, Pennsyl-
vania.
The preliminary investigative studies were con-
ducted in the Research Laboratory of the Depart-
ment of Dermatology of the University of Penn-
sylvania Hospital, Philadelphia, Pennsylvania.
Received for publication March 3, 1961.
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MATERIALS AND METHODS
The three principal factors in the present
studies on photodynamic action were the ]ight
sources, fluorescent dyes and fungi.
I. Light Sources
A. General Electric 300-watt Reflector Spot
Lamp at distances of 19 cm. and 38
cm. from the mixture of the fluorescent
dye and fungus-spore suspension.
B. General Electric Max Cutler Transil-
luminator, 750-watt, at 2 em. and 5 cm.
distances.
II. Fluorescent Dyes
A. Rose bengal, erythrosine, phloxine-B,
eosin-Y, uranine, mereurochrome, neu-
tral red, and methylene blue were
studied.
B. The fluorescent dyes used were diluted in
sterile distilled water so that 0.5 cc.
of the dye dilution, when mixed with
0.5 cc. of conidial suspension, gave the
following dilutions: 1—100,000; 1—50,000;
1—10,000; 1—5,000; 1—1,000; 1—500 and
1—100.
C. These dye dilutions were made up fresh
each month, stored in sterile, colored,
airtight glass bottles, and kept in a
drawer at a constant temperature. Re-
peated cultures for possible bacterial
or fungal contamination were always
negative.
HI. Fungi
A. Conidial suspensions of Trichophyton
mentagrophytes in sterile physiological
saline were made according to the
method described by Emmons (12).
These conidial suspensions contained
5,000,000 conidia per cubic centimeter.
The strain used was a standard strain
obtained from the American Type Cul-
ture Society in Washington, D. C.,
and known as "Strain 9533."
B. Candida albicans yeast-cell suspensions
were made from a pathogenic strain
known as the "Dittra Strain." These
yeast-cell suspensions in physiological
saline solution contained 5,000,000 cells
per cubic centimeter.
C. The stock cultures of both T. mentagro-
phytes and C. albicans were kept on a
standard dextrose-agar medium and
stored in the refrigerator. Repeated
checks for resistance of the tn-
chophyton conidia and yeast cells were
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conducted according to a modified
Emmon's teehniquo as outlined under
"Resistance of Conidia or Yeast-Cell
Suspensions Control."
following laboratory equipment was
Continuously flowing water bath.
Dextrose-broth formula for testing via-
bility of fungi when subcultured during
the running of photodynamie tests was
C.P. dextrose 2%, neopeptone 1%, and
distilled water q.s.ad 100. This broth
was adjusted to pH of 5.6 to 5.8 by 0.1 N
hydrochloric acid.
3. Dextrose agar for culturing test fungi
preparatory to making eonidial or yeast-
cell suspensions in physiological saline
(0.85% NaC1) contained C.P. dextrose
2%, neopeptone 1%, agar 2%, and dis-
tilled water q.s.ad 100. This culture
medium adjusted to pH of 5.6 to 5.8 by
0.1 N hydrochloric acid.
4. Specially prepared petri dishes—six glass
cylinders, 14 mm. inside diameter by 10
mm. in length, were fused to the inside
bottom of standard pyrex-petri dishes.
The bottoms of these petri dishes were
pyrex CC. 744 neutral, 2 mm. in thick-
ness. This pyrex glass completely filters
out ultraviolet rays below 2950 A units,
whereas about 35% of 3200 A unit wave
lengths pass through. The tops were
ordinary glass of 2 mm. thickness, which
filtered out all wave lengths below 3100
A units and allowed 17% of waves of
3200 A units to pass through.
The small glass cylinders were heat-
fused to the bottom of the petri dishes
in an arrangement such that three of the
resulting cups fit into a 2.5 cm. circle.
This permitted the running of three
separate tests simultaneously. The glass
top of the petri dish was kept in place at
all times during experiments except when
samples for subcultures were taken.
This kept contamination of the dye-
conidial suspension at a minimum.
TECHNIC
The operating technic consisted of mixing 0.5
cc. of conidial suspension (2,500,000 conidia) with
0.5 cc. of fluorescent-dye dilution in each of the
three glass receptacles in the specially prepared
petri dishes. The depth of the dye-eonidial mix-
ture in each receptacle was 6 mm., and at the end
of experiments, due to withdrawal of small
amounts of the mixture at each subculture trans-
fer, the depth was 5 mm. These dye-eonidial
mixtures were irradiated by the lamps at specific
distances. Subcultures were taken at either 3, 5
or 15 minute intervals by stirring, and then trans-
ferring a loopful, 4 mm. in diameter, of the mix-
ture from each receptacle into culture tubes
containing the dext rose-neopeptone broth. In-
dividual tests were run for 2 or 4 hours with the
300-watt Reflector Spot Lamp, or for 30 minutes
with the Max Cutler Transilluminator. Sub-
cultures were incubated at 34° C., and results were
recorded at 48 hours, 72 hours, and 10 days, as
either growth of fungi (positive) or no growth
(negative).
About three hundred complete (3 receptacle)
experiments were carried out using the various
dyes, seven dilutions of each dye, and the two
light sources at two distances. When using the
Cutler Transilluminator, the experiments were
run for 30 minutes and subculture samplings were
taken at 3 and 5 minute intervals. All eight fluo-
rescent dyes in each of seven dilutions were tested
with both conidial suspensions of Trichophylon
mentagrophytes and Candida albicens yeast-cell
suspensions. Each of these 112 combinations was
tested with the 300-watt Reflector Spot Lamp
at 19 cm. and at 38 cm.; and each combination of
different dyes in specific dilutions with conidial
or yeast-cell suspensions was tested with the
Max Cutler Transilluminator Lamp at 2 cm. and
5 em. distances. Three reehecks were made on
each possible combination of the above factors.
CONTROL EXPEEIMENTS
One of the major aims of these studies was to
perfect a well-controlled technic for laboratory
evaluation of the various factors concerned in
photodynamic action. Control procedures are
outlined in detail below.
I. "Dark Action" Control Experiments
A. Technic
1. 0.5 cc. of l'richophyton mentagro-
phytes (Strain 9533) conidial sus-
pension (2,500,000 eonidia per 0.5
cc.) was mixed with 0.5 cc. of dye
solution. Each of the seven dye
dilutions was tested. The same
procedure was followed for Canclida
albicans yeast-cell suspensions.
2. The petri dishes with 1 cc. mixtures
in receptacles were kept in the
dark except for the short time
required for subeulturing.
3. Subcultures were taken from each
mixture of dye and fungus at
hourly intervals for eight hours
and also at 24 and 48 hours.
4. Dyes tested: uranine, eosin-Y,
methylene blue, mereurochrome,
neutral red, phloxine-B, eryth-
osine, and rose bengal in each of
seven dilutions.
B. Results
None of the fluorescent dyes tested in any
dilution caused death of fungi within 48 hours.
All subcultures showed growth of fungi. Results
The
utilized:
2.
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Subculture
Results
Growth at 48 hours
Growth at 48 hours
Growth at 48 hours
Growth at 4 hours, no
growth at 5 hours
Growth at 3 hours, no
growth at 4 hours
Growth at 1 hour, no
growth at 2 hours
A. Technic
1. 0.5 cc. of 7'. mentegrophyles conidial
suspension was added to the re-
ceptacles in petri dishes and was
irradiated for 4 hours by (a) Gen-
eral Electric S-i lamp at 1 foot,(b) General Electric 300-watt
Reflector Spot Lamp at 19 em. and
38 em. and (c) General Electric
Max Cutler Transilluminator at
2 cm. and 5 em. distances for 2
hours. Subcultures were taken
every half hour.
2. Identical experiments were con-
ducted using 0.5 cc. of Candide
albicens.
A. Technic
1. When using the General Electric
300-watt Reflector Spot lamp, the
special-receptacle petri dish was
placed in a flowing-water bath so
that the bottom of the petri dish
was continuously bathed with
flowing cold water. The lamp was
show that the fungicidal action of the fluorescent
dyes tested is negligible.
Mercurochrome, probably due to the mercury
in its molecule, gave "Dark Action" results as
follows for T. mentagrophytes (Strain 9533):
Mercurockrornc
Dilutious
1—100,000
1—50,000
1—10,000
1—1,000
1—500
1—100
II. Control by Irradiation of Fungi Without
Addition of Dye
suspended over the petri dish
containing the dye-conidial sus-
pensions in the special glass re-
ceptacles. The distance from the
bottom of the lamp to the glass
top of the petri dish was carefully
measured so as to be either 19 or
38 cm.
2. Temperature checks of mixtures in
receptacles during each experi-
ment showed a temperature range
between 34° and 36° centigrade.
3. When using the General Electric
Max Cutler Transilluminator, the
light was directed upwards toward
the bottom of the special-recepta-
cle petri dish. Two distances were
used, 2 cm. and 5 cm. The water
flow through the Max Cutler lamp
was of such force as to rise 2j.
feet in a vertical direction above
the outlet of the cooling system.
Ninety per cent of infrared rays
are filtered out by the Max Cutler
cooling system. For practical pur-poses all ultraviolet radiation
below 3200 Angstrom units is
filtered out by this water system
and the two glass windows of the
Cutler Transilluminator.
4. Temperature checks of mixtures in
receptacles at time of tests were:(a) at 2 cm. distance, 40° to 42°
centigrade(b) at 5 cm. distance, 38° to 40°
centigrade.
IV. Control Test for Resistance of Fungi
(Emmon's Technic Modified)
A. Technic
1. 5 cc. of phenol in dilutions 1:30,
1:45, 1:60 and 1:75 respectively
were placed in 25 x 150 mm. culture
tubes, and to each of these tubes
was added 0.5 cc. of the conidial
or yeast-like cell suspensions.
The fungus suspensions were added
to the phenol dilutions at 30-second
intervals, which allowed time for
subcultures.
2. •During tests the tubes were kept in
a water bath at 20° C. tempera-
ture.
3. Subcultures were taken at 5, 10,
15 and 20 minute intervals.
B. Results
1. Trichophyton mcntagrophytes
Strain 9533 showed a resistance so
as to survive a 10-minute exposure
at 20°C. to a phenol dilution of
1:60, but not to a 10-minute
B. Results
11. All subcultures were positive show-
ing failure of the light to kill
T. mentagrophytes conidia or
Candida albicans yeast-like cells
by two hours continual irradia-
tion.
2. These control tests nullified any
complicating factor of associated
ultraviolet and/or infrared fungi-
cidal action, and also adverse
heating by light sources.
III. Temperature Control
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exposure in phenol dilution of
1:45.
2. Candida albicans (Dittra Strain)was
less resistant, surviving a 5-min-
ute exposure to 1:60 but not a
5-minute exposure to 1:45 phenol
dilution. It is important to note
that the resistance of various
strains of fungi, and even of the
same strain, vary somewhat from
time to time under various cul-
tural conditions, duration of
time cultured, solution in which
conidia and yeast-like cells were
suspended, and degree of and
duration of refrigeration. These
resistance control checks were
made at regular intervals, and it
was not felt that there was suffi-
cient variation to cause any ap-
preciable errors in the different
tests. On experiments run as
much as 9 months apart, with all
factors the same except for differ-
ent batches of conidial or yeast-
like cell suspensions, the results
were very closely comparable.
V. Control of Light Intensity
A. The General Electric 300-watt Re-
flector Spot Lamps vary consider-
ably in their intensity and equaliza-
tion of light distribution when new,
and vary over different intervals of
use. Photometric readings were fre-
quently made, and variations of
photodynamic fungicidal - action
times could always be correlated
with changes in light intensity. The
electricity line load fluctuated some-
what and variations between experi-
ments run during the day from those
run at night could be correlated with
changes in the main-line load. Ninety
per cent of the experiments were run
at night.
B. Rough estimates by the General
Electric Research Laboratories at
Nela Park were 8,000 candle power at
38 em. distance and 12,000 candle
power at 19 cm. distance for the 300-
watt Reflector Spot lamps.
C. There is a marked reduction in candle
power using the General Electric
300-watt Reflector Spot Lamp as
one tests light intensity at various
distances from center of the illumi-
nated area toward periphery (Figure
11
D. It was most disconcerting and yet most
informative to learn, by testing, the
marked variation in light intensity of
two supposedly "identical" General
Electric Max Cutler Transillumi-
nator lamps (Figure 2). Photometric
reading showed a moderate differ-
ence of intensity between the two
lamps tested. Only one of the Cutler
Transilluminator lamps was used
during the course of the regular
experiments.
E. A small, grossly indiscernible, difference in
light intensity between two similar
lamps shows up in the tests as a
marked difference by the laws of
geometric progression. This prin-
ciple is very important in any ex-
periment, laboratory or clinical, in
which such light sources are used.
Photometric and rheostatic controls
are necessary.
VI. Control of Dye Dilutions
Numerous checks and reehecks were made to
determine any deterioration due to storage in
photodynamic-aetion power of the different dyes
in their various dilutions. There was no sig-
nificant deterioration noted for any of the various
dilutions of the fluorescent dyes tested over a
period of at least six months. This fact is of value
if these dyes are to be used in clinical studies.
VII. Control of Subculture Material
There was a possibility that the dye carried
over into the subculture tubes in the transfer
loop might act in a fungistatie or fungicidal
manner, especially when testing the more con-
centrated dilutions of the dyes. Whenever a sub-
culture tube gave no growth, it was reinoculated
with similar conidia or yeast-like cells from stock
suspensions.
At no time did a mixture of dye and subculture
broth fail to show a growth of fungus on reinocu-
lation as tested above.
VIII. Subculture Transfer Control
There was always the possibility that a loopful
of the dye-eonidia mixture being tested would
fail to contain viable conidia or yeast-like cells
that might be present in the mixture. However,
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19 o. DXSTANCX
pow.?
9000 ..p.
6000 e.p.
Angle AOB =
Angle AOC 10
_E2.30m.
= 4.4. cm.
' 4.7 cm.C = 9.2 cm.
Angle AOB = 5°
Angle AOC = 100
A—B = 2.3 cm.
A—C = 4.4 cm.
A'—B' = 4.7 cm.
A'—C' = 9.2 cm.
FIG. 1. Variations of light intensity when using the G.E. 300 watt reflector spot lamp.
At 19 cm. distance
A Center = 12,000 candle powerB 5° angle or 2.3 cm. from center = 9000 c.p.
C 100 angIe or 4.4 cm. from center = 6000 c.p.
At 38 cm. distance
A' center = 8000 candle power
B' 50 angle or 4.7 cm. from center = 6000 c.p.C' 100 angle or 9.2 cm. from center = 4000 c.p.
Comment: Note the marked decrease in light intensity at points only short distances from the center
of light beam. At the distances employed in these experiments the light source could not be considered
as a point source of light, therefore, the distance-intensity inverse square law was not applicable. This
same fact was also true when using the Max Cutler Transilluminator as the light source.
only once in every 300 tests did it happen that
"no growth" was obtained in a subculture broth
tube and then a positive growth was obtained in
the next tube or several draws later. This low
rate of false draws was due to the large standard
inoculum, careful stirring at each transfer, and to
extreme care being given to get a full drop in
each transfer ioop.
IX. Contamination Control
Although the early trial experiments were
plagued with contaminations, the rate of con-
tamination in the regular tests was less than 1
subculture tube in 500.
RESULTS
These investigative studies relative to the
fungicidal powers of photodynamic action were
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Minutes Irradiated
Rose Bengal
1—5000 dli,
Lamp A
Lamp B
Erythro sine
1—5000 dii.
Lamp A
Lamp B
lercuio chrom
1-5000 dli.
Lamp A
LampB
Minutes Irradiated 6 9 12 15 18
FIG. 2. Variations of photodynamic action fungicidal times using "supposedly identical" Max Cutler
Transilluminator lamps A and B.
Factors:
Fungus—Candida albicans (Dittra strain)
Dyes—Rose bengal, Erythrosine, Mercurochrome in dilutions of 1—5000
Light source—At 2 cm. distance
— A = G.E Max Cutler Transilluminator (Lamp A)U B = G.E. Max Cutler Transilluminator (Lamp B)
Columns represent time in minutes for death of fungus.
Comment: Note the marked difference in light intensity as measured by photodynamic action fungi-
cidal times between two grossly similar or "supposedly identical" Cutler Transilluminators. When.
doing laboratory or clinical experiments with radiant energy as an important factor, one must con-
stantly check and recheck the intensity of that radiant energy. This holds true for all sources of radiant
energy such as infrared, visible light, ultraviolet light and X-rays. Each source of radiant energy has
its own individual characteristics of quality and quantity of radiation.
designed and conducted in order to develop and
perfect a well controlled laboratory technic for
the study of photodynamie action in respect to
various dyes and organisms. The results of the
tests were highly consistent and statistically
significant. These photodynamic action studies
gave repeatedly identical results with almost
mathematical precision. The results and conclu-
sions of these experiments are summarized in the
following graphs.
The first aim was to determine the fluorescent
dye with greatest photodynamic activity. Early
in the trials it was established that rose bengal
was by far the most photodynamically active of
the dyes studied. Since it was seriously considered
that the most photodynamically active dye might
not necessarily be the dye of choice in varying
clinical studies, the optimum dilution was care-
fully determined for each of the eight dyes, using
all of the various light intensities and types of
light sources. It is important to state here that
the depth of 6 mm. for the irradiated conidial-dye
mixture was chosen in order to evaluate photo-
dynamic-action effectiveness in a relatively thick
dye-biological system, similar to that which one
would encounter during clinical dermatological
studies. There is a marked reduction in effective-
ness the deeper the dye-biological mixture.
Figure 3 is a composite graph demonstrating the
consistent differences in photodynamic action of
the dyes tested.
The second aim in these studies was to en-
deavor to correlate the differences in photo-
dynamic activity with differences in the chemical
structure of the various fluorescent dyes studied.
Figure 4 gives the chemical and structural
formulae of these dyes and also the molecular
weights of the halogen series. By comparing these
formulae with the photodynamic activity of the
dyes as demonstrated in Figure 3, one can readily
note the close relationship between molecular
weight and halogen content, and also the photo-
dynamic activity of each dye. It would be ex-
pected that markedly increased photodynamic
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Minutea Irradiated 15 30 45 60 75 90 105 120
FIG. 3. Differences in photodynamic action fungicidal time for various fluorescent dyes tested.
Factors:
Fungus—Candida albicans (Dittra strain)
Light source—300 watt G.E. Reflector Spot at 19 cm. distance
Dyes—As designated above in dilution of 1—10,000
Columns represent minutes required for death of fungus.
Comment: The photodynamic fungicidal action of the fluorescent dyes tested varies considerably
and consistently. This difference seems to be an expression of increased molecular weight, and of the
halogen content in the dye molecule, especially the iodine content. This difference is also an expression
of the varying degrees of adsorbability and absorbability. The fluorescein series are adsorbed, whereas
neutral red and methylene blue are absorbed. Rose bengal is the most photodynamically active of all
the dyes tested.
activity of rose bengal could be gained by getting
either more iodine and/or mercury into this
molecule. Discussions with dye chemists relative
to such a synthesis were not encouraging.
Throughout all the experiments the important
factor of light intensity was constantly noted. As
the visible-light intensity was increased the
photodynamic fungicidal-action time decreased.
Because the ordinary tungsten filament lamp
puts out such an increased amount of infrared
rays with increased visible-light intensity, it was
necessary to control the heat factor by the con-
tinuously flowing water bath which kept the
temperature of the dye-conidia mixture between
34° and 36°C. Since the human skin could not
tolerate such a lamp, search was made for a
water-cooled lamp. The Max Cutler Transillum-
inator fulfilled all requirements. This is a 750-
watt tungsten filament lamp in a metal case in
which cold water circulates. The water and glass
filter out practically all ultraviolet below 3,200
Angstrom units and about 90 per cent of the
infrared. One can comfortably tolerate the beam
of the lamp when held within 2 cm. of the skin.
Figure 5 shows the marked differences of photo-
dynamic fungicidal-action times with varying
intensities of visible light. It is anticipated that
the Cutler Transilluminator will be very appli-
cable for clinical trials in photodynamic action.
The final result, and one of considerable sig-
nificance, is that for each fluorescent dye there is
an optimum dilution for maximum photodynamic
activity. A marked difference in transparency is
found when the vanous dyes of the same dilution
are compared. The tests did not show any sig-
nificant difference in activity on a basis of com-
parative transparency between various dyes,
but did show consistent and pronounced differ-
ences when various dilutions of individual dyes
were compared. Figures 5 and 6 clearly demon-
strate the importance of optimum dilution for
maximum photodynamic activity.
DYES TESTED
RANINE C20Ej005N2
EUTRAI. RED
________________________ C14215N4C1
0SI-.y C20B6O5Br4Na2
THYLENE BLUE C, ,,H, N3SC1
BECUROCEROME 2,7 dibrom, 4 hydroxuercurie tluoreeeein
BLOXINE—B C20O5C14Br4Ra2
RrrHlioSISE C20E605I4Na2
OSE BENGAL C202205C1414Na2
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FLUORESCEIW C20H1205 c0o5ia2
°
''j: c Mao t'y
Na2
COOH cJCOONa
EOSIN-Y CH6O5Br4Na2 PHLOXINE B CE4O5C14Br4Na2 M1CUROCHROME CE7O6Br2HgNa2
Br Br Br Br HgOR
0 NaO "N,0 /'NN 0 NaOC o 0xaoQ:Q_frcBrBr CBr
a C1/"'NCOONaCOON
QCOOXa
ERY!P}!ROSINE CEO5I4Na2 ROSE BENGAL CH2O5C14I4Na2
NaOQOQ
"00h'*
MOLE CTJLAR WEIGIff S
OF THE HALOGENS
FLUORINE 19.
CHLORINE • 55.4
BROMINE • 79.9
IODINE 126.9
Fin. 4. Chemical and structural formulae of fluorescein series
DISCUSSJON
There are many substances possessing the
property of photodynamic action. These encom-
pass the fluorescein series including uranine,
eosin, phloxine, erythrosine, mercuroehrome, and
rose bengal; derivatives of the aeridine, anthra-
cene, and xanthonc groups; porphorins; chlor-
ophyll; and many others. A number of metals,
such as iron and manganese, act as photodynamie
catalysts. The molecular structure of those dyes
which have the ability of providing photodynamic
action vary greatly. All these dyes have the com-
mon property of fluorescence. This property
appears to be the basis for photodynamic action.
It would seem that the dye molecules become
activated by quanta of radiant energy for a short
period (1O— or 1O seconds), and then discharge
this energy, either by activating oxygen into a
metastable state or by bringing about directly
an aberrant oxidation process in the biological
system. A full explanation of photodynamic action
has not yet been forthcoming; therefore, the
general explanatory statements given below will
not include the numerous conflicting theoretical
possibilities
it is known that certain fluorescent dyes may
PETHALICAJRYI
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emit radiant energy of less intensity than the
inciting quanta (Stoke's law). Some may emit
quanta equal to the inciting ray, while other dyes
may emit beams of radiant energy of greater
quanta than that of the inciting rays (anti-
Stoke's fluorescence). Although far from proven
at the present time, it has been theorized that
the fluorescent molecule acts in a manner anal-
ogous to a condenser and/or a step-up trans-
former, thus holding or building up quanta of
radiant energy and then discharging quanta of
increased energy. The mechanism of photody-
namic action from this point on enters into the
theoretical chemical and/or physical modes of
action. In some instances it seems as if the quan-
tum of absorbed radiant energy sets up such a
violent excitation of the atoms in the dye mole-
cules that the actual chemical structure of the
molecule is altered. Split products are formed
which are capable of causing chemical death of
the biological system. The original dye molecule,
prior to absorption of the radiant energy has very
little, if any, power to chemically injure the
organisms. In most photodynamic-action systems
the dye molecule seems to remain unchanged,
and is able to react over and over again without
being damaged until such time as there is no
visible substrate to oxidize; then the dye mole-
cule itself is oxidized and loses color. In the experi-
ments reported in this paper, it was possible to
correlate the fungicidal time with the time re-
quired for the dye to lose appreciable color.
That molecular oxygen is required in any
photodynamic-action sequence has been repeat-
edly proved. Reducing agents and removal of
oxygen and substitution of carbon dioxide in the
system inhibit the photodynamic action. How-
ever, "dark action" resulting from action of
Minutea Irradiated 5 10 15 20 25 30
I I I I
DYE DILTJrIOl
1-100.000
2 cm. diet. I
5 cm. diet,
1—50,000 dii
O cm. diet. I
5 m,a. dit.
1—10,000 dii
2 cm. diet. I
0 en,.
1—5000 dii.
2 cm. diet.
5 cm. diet.
I
1—1000 dii.
nfl,. 11fli.
5 cm. dist.
1-500 dii.
2 cm. dIet.
5 cm. diet.
1
1-100 dii.
2 cm. diet.
5
I
cm.
I I I I I I
Minutee Irradiated 5 10 15 20 25 30
FiG. 5. Differences in photodynamic action fungicidal times for variations in light intensity.
Factors:
Fungus—Candida albicans (Dittra strain)
Dye—Rose bengal in dilution designated
Light source—G.E. Max Cutler Transilluminator
Distance of light source 2 cm. Diameter of illuminated area 5 cm.
— Distance of light source 5 cm. Diameter of illuminated area 7.5 cm.
Columns represent minutes required for death of fungus.
Comment: When the following specific factors are constant, namely, concentration and resistance
of conidia or yeast cell suspensions, the fluorescent dye in various dilutions, and depth of the irradiated
mixture—THERE IS A DEFINITE AND GENERALLY UNIFORM VARIATION IN PHOTO-
DYNAMIC ACTION FUNGICIDAL TIMES FOR DIFFERENT LIGHT INTENSITIES.
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Minutes Irradiated 51 1 20 25 30
FIG. 6. Photodynamic action fungicidal times for various dilutions of fluorescent dye.
Factors:
Fungus—Candida albicans (Dittra strain), 2,500,000 cells per 0.5 cc.
Dye—Rose bengal in dilutions designated
Light source—Max Cutler Transilluminator at 2 cm. distance
Columns represent time in minutes required for death of fungus.
Comment: When the following specific factors are constant, namely light source, light intensity(distance), concentration and resistance of conidial or yeast cell suspension, fluorescent dye and depth
of irradiated mixture—THERE IS AN OPTIMUM DILUTION OF THE 1)YE WHICH GIVES MAXI-
MUM PHOTODYNAMIC FUNGICIDAL ACTION. Generally this optimum is in the less concentrated
dilutions, but depends chiefly on the specific dye, thickness or depth of the dye-conidial mixture and
on intensity of light source.
these fluorescent dyes on the biological system
when not exposed to light is not dependent UPOfl
the presence of oxygen. It is not known what type
of oxidation process takes place in the organism
in the photodynamic-action system, but it has
been stated that the hydroxy and amino-acid
compounds are most susceptible to this type of
oxidation damage, whereas the fatty acids are
quite resistant. Blum (9) suggests that perhaps it
is the tyrosin or tryptophane in the protein
molecule that opens the way for photodynamic
action.
Photodynamic action seems to follow fairly
closely the Reciprocity Law of Brunson-Roscoe,
which states that the product of the duration
(T) and the intensity (I) of a light flux which will
produce a given quantity of chemical reaction is a
constant: I x T K (constant). In the present
studies this law was found to be closely followed.
As the light intensity increased, the duration of
exposure time required for photodynamic fungi-
cidal action became less, and vice versa.
The fluorescent dyes vary quantitatively in
their photodynamic activity. This quantitative
difference is dependent on a number of factors.
In the fluorescein series, this difference would
seem to be an expression of the molecular weight
and of the halogen content, especially the iodine
content. Another factor is that of absorbability
or adsorbability of the various dyes in or to the
organism in the reaction. The fluorescein-series
dyes have a negative charge and are adsorbed,
whereas methylene blue and neutral red have
positive charges and are absorbed, that is, they
are able to enter the undamaged cell.
In brief summary, the mechanism of photo-
dynamic action may be given as follows. The
fluorescent dye molecule is taken up, by either
absorption or adsorption, by the substrate cell.
When this dye-biological system is irradiated by
visible light and acting in the presence of oxygen,
the dye molecule captures a quantum of radiant
energy and thus becomes activated. This activa-
tion is transferred to the cell, which then reacts
with oxygen in an abnormal oxidation process
so that cell metabolism is disrupted and cell
destruction results.
Of paramount importance is the fact that for
each fluorescent dye there is an absorption band
or spectrum which is closely correlated with its
Minutes Irradiated 5 10 15 20 25 30
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1-5000
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1—1000
_____________________
1—500
1-100
photodynamic activity. Fluorescent dyes seem
to be activated by only those wave lengths of
radiation which they absorb. The "Equivalence
Law" of Einstein states that the first act in any
photochemical reaction is the absorption by an
atom of a quantum of radiant energy; and,
according to the Grotthus-Draper law, only
those wave lengths of light which are absorbed
by a system can enter into the photochemicad or
photobiological reaction.
All of the fluorescent photodynamically active
dyes have their maximum-absorption spectral
wave-length ranges between 4,000 and 7,000
Angstrom units. Visible-light wave lengths range
from 3,900 to 7,400 Angstrom units. Hemato-
porphyrin, uroporphyrin, coproporphyrin, and
protoporphyrin have their light-sensitizing effects
effects0 in the wave-length region of 4,900 A to
5,800 A units in the visible spectrum, and in two
zones in the ultraviolet region of 3,850 to 3,130 A,
and at 2,500 A. Rose bengal has its band of
greatest absorption between 4,500 and 6,000
Angstrom units, with its peak at about 5,500 A,
thus being in the region of green-yellow light
(Figure 7). The absorption band of maximum
intensity of methylene blue is chiefly between
the 6,000 and 7,000 A, (Figure 8).
Blum (9) expresses the opinion that the quanta
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ROSE BENGAL
Wave length in
Angetrom unite: 3000
FIG. 7. Absorption bands or spectra (Blum) -
Comment: Note that region of maximal absorption by rose bengal, namely 5500 A, is region of visible
spectrum with greatest penetrating power into human skin (See Fig. 9).
BYLENE BLUE
(
Wave length in
_____
/
Angstrom wilts: 3000 4000 5000 6000 7000 8000
FIG. 8. Absorption bands or spectra (Blum)
Comment: The absorption bands of most photodynamically active fluorescent dyes are in the visible
spectrum and furthermore these absorption bands closely correlate with the photodynamic action
spectra of these respective dyes. The graphs give the spectral shapes and positions but not their relative
values.
THE COLORS AND WAVE LENGTHS OF THE VISIBLE SPECTRUM:
Violet Indigo Blue Green Yellow Orunge Red
Angstroms: 4000 4500 4900 5300 5600 6000 6500
4500 4900 5300 5600 6000 6500 7500
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FIG. 9. Light distribution in the skin (Bachem)
Comment: The circled figures represent the percentage of radiant energy absorbed in the various
layers of the skin. Note that in the range of the maximum absorption band for rose bengal, 550 mu
or 5500 Angstrom units, that 72 per cent of radiant energy is absorbed in the corium, whereas most
ultraviolet rays are absorbed in the thin stratum corneum.
(1 mu = 10 Angstrom units
1 00 000 or 106 mm.)
of energy of infrared rays are too small to bring
about photodynamic action. It is presumed that
if a dye molecule were to capture quanta of
energy of the magnitude corresponding to
Gamma rays, X-rays, or short-wave-length
ultraviolet rays, it would be disrupted rather
than activated. Investigative studies on X-rays
in attempts to bring about photodynamic action
have repeatedly failed to produce such an effect.
Photodynamic action is, therefore, chiefly
brought about by visible light. This fact is of
additional importance when one considers that in
the long-wave-length end of the visible spectrum
where these fluorescent dyes are active the rays
have the property of considerable penetration
into the human skin, 72 per cent being trans-
mitted through the epidermis and absorbed in
the corium (Figure 9). Below 3,000 A, in the
ultraviolet spectrum, 90 per cent of the rays are
absorbed in the first 0.1 mm. of human skin. This
deep penetration of wave lengths of visible light
suggests possible destruction by photodynamic
action of pathogenic bacteria, fungi and viruses,
even though these may have penetrated into the
corium.
SUMMARY
1. An effective technic is presented for evaluat-
ing the fungicidal properties of photodynamic
action.
2. The investigative design emphasized
stringent controls of all materials and experi-
mental procedures.
3. The technic developed is readily adaptable
to studies relative to photodynamic action on a
wide variety of microorganisms including fungi,
bacteria and viruses.
4. The comparative photodynamic action
effectiveness of eight different dyes and two
different light sources was determined, as was the
correlation of photodynamic activity with
molecular weights and the halogen content of the
dyes.
5. Optimum dilutions for maximum photo-
dynamic fungicidal action were determined for
all of the eight dyes tested.
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